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Abstract
The injury mechanics and strain distribution in the glenohumeral capsule at a particular joint
angle have been studied extensively. However, there is a lack of information on the strain
distributions in the capsule under complex joint angles, i.e, during the activities of daily
living(ADL). To investigate the mechanical response of the capsule under the kinematics
of the forward reach, a subject specific finite element model of the glenohumeral joint with
the capsule was developed. Since the mechanical properties of the capsule under multiaxial
loading were unknown we proposed an inverse finite elements based optimization routine
to determine the material coefficients of the capsule. Several constitutive material models
were evaluated to identify feasibility of convergence for the complex loading associated with
physiological tasks. We established limits for the material coefficients of the Mooney-Rivlin
model used to model the capsule. The Mooney-Rivlin model with the material coefficients
C1 = 6, C10 = 6.5, and D1 = 0.12 converged for around 50% of the cycle. The results also
suggest that the peak strain occurred on the inferior aspect of both the anterior and posterior
side of the capsule. This work serves as the basis for future comparisons of material models
and can be extended to other activities of daily living.
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1 Literature Review
1.1 Anatomy of the Shoulder and Glenohumeral Capsule
The shoulder is made of bones, muscles, tendons and ligaments that connect the arm to the
torso. The shoulder joint is formed by the union of the humerus, the scapula and the clavicle
(or collarbone) and consists of two joints: the glenohumeral (GH) and acromioclavicular
joint. These two joints work together and allow the arm to circumduct in a large circle and
to rotate about its axis at the shoulder. The work of this thesis focuses on the glenohumeral
joint.
Figure 1: Diagram of the glenohumeral capsule and the ligaments: IGHL, MGHL, SGHL [7]
The GH joint is considered a ball and socket joint and is formed by the articulation of
the humerus and the scapula. It has three rotational degrees of freedom: flexion/extension,
abduction/adduction and internal/external rotation. Flexion/extension occurs in the sagittal
plane, adduction/abduction takes place in the frontal plane, and internal/external rotation
is defined as rotation of the humerus about its own axis. Flexion and abduction account
for the largest ranges of motion (164◦ ± 10.2◦ and 170◦ ± 10.8◦ , respectively) compared
to extension (81◦ ± 11.3◦ ). The internal rotation (86◦ ± 4.6◦ ) of shoulder is higher than
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external rotation (67◦ ± 11.3◦ ) [4]. The translations of the GH joint are very small and do
not significantly contribute to the mobility of the joint [3].
The extreme mobility of the GH joint is possible due to its mismatched large humeral head
and small glenoid articular surface. Only 25% to 35% of the humeral head is in contact with
the glenoid fossa, at any given time [7]. Despite the small articulating surface, the humeral
head is constrained within 1 to 2 mm of the glenoid cavity across most of the arc of motion
[8,9]. The static (capsule, labrum, ligaments) and dynamic (muscle) forces act together to
precisely constrain the humeral head throughout the range of motion[10]. The glenohumeral
capsule plays a crucial role in stabilizing the GH joint.
The glenohumeral capsule is a fibrous sheath which encloses the joint. It extends from the
anatomical neck of the humerus to the rim of the glenoid fossa. Although the capsule and the
glenohumeral ligaments are often described separately, they are adherent anatomically. The
capsuloligamentous complex of the GH joint consists of middle (MGHL), inferior (IGHL), and
superior (SGHL) glenohumeral ligaments in addition to the coracohumeral ligament(CHL)
[11] [Figure 1]. The IGHL complex is comprised of three parts: the anterior band (AB-
IGHL), the posterior band (PB-IGHL) and the axillary pouch (AP) [Figure 1]. The capsule
is lax and therefore allows greater mobility [3].
1.2 Physiology of the Capsule and Ligaments
The function of the glenohumeral capsule and the ligaments depends on the position of the
humerus with respect to the glenoid [11]. Unlike the ligaments in the knee, the glenohumeral
ligaments do not carry only a pure tensile force along their length but become stretched at
varying positions of abduction and humeral rotation.
The SGHL – CHL complex carry load during anterior loading (26 ± 16 N at 0◦ ) at all
abduction angles and only at 0◦ abduction during posterior loading [13,14]. Computational
model predictions suggest that the SGHL carries a maximum load of 71 N at the position
of maximum anterior translation [12]. The SGHL and CHL are important stabilizers in the
inferior direction from 0◦ abduction to 50◦ abduction [11]. The MGHL has been shown to
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become taut at 45◦ abduction, 10◦ extension and external rotation [15]. The MGHL carries
loads only at 30◦ , 60◦ and 90◦ abduction during anterior loading. Studies on the in situ
force in the AB-IGHL have revealed that it carries force only at 60◦ and 90◦ abduction (30
± 21 N) and reaches a maximum at 90◦ abduction during anterior loading [14]. However, the
PB-IGHL experiences only minimal forces at all abduction angles during posterior loading
[14]. This data is summarized in Figure 2.
Figure 2: In situ force (mean ± S.D) in the glenohumeral ligament when an anterior load of 89 N
is applied to the glenohumeral joint [11].
Based on these observations, the MGHL restrains external rotation during 0◦ to 90◦ abduc-
tion and provide antero-superior stability. As the abduction angle is increased, IGHL and
MGHL play an important role in stabilizing the GH joint. Particularly, the MGHL provides
anterior stability between 45◦ and 60◦ abduction [13]. The IGHL complex was found to be
the most important stabilizer against the anteroinferior shoulder dislocation and is the most
frequently injured component of the capsule [11].
1.3 Causes of Capsular Injury
Severe injury, or trauma is often the cause of an initial shoulder dislocation. Sometimes,
shoulder instability is a result of repetitive overhead motion. Swimming and tennis are
among the sports that require repetitive overhead motion that can stretch out the shoulder
ligaments [24]. Rotator cuff tears can also lead to capsular injuries.
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The ligaments in the shoulder are often injured during these dislocations [23]. Avulsion
of the labrum and the attached IGHL from the anteroinferior glenoid rim is described as
the Bankart lesion. This is an essential lesion of anterior traumatic dislocations of the
shoulder [23,24].Another common lesion is the humeral avulsion of the glenohumeral ligament
(HAGL). A severe first dislocation can lead to continued dislocations, giving out a feeling of
instability [15].
1.4 Clinical Motivation
The glenohumeral joint of the shoulder is one of the most mobile joints in the human body,
however this mobility makes it susceptible to dislocations. Around 2% of the population
in the US will dislocate their glenohumeral joint [1,2], and approximately 80% of these
dislocations occur in the anterior direction at joint position involving approximately 60◦ of
glenohumeral abduction and external rotation [3]. These anterior dislocations can result
in an injury to the inferior glenohumeral ligament (IGHL) [6]. These injuries are treated
based on the region of capsule that is injured, but misdiagnosis of the injured region has
been attributed to over 38% of recurring injuries [5]. During the assessment of the injury,
clinicians apply forces to the humerus to translate the humeral head with respect to the
glenoid. Currently, the assessment of the injury is subjective and is based on patient’s
discomfort and pain during the exam [6]. These forces also produce strain in the glenohumeral
capsule. Developing a subject-specific finite element model of the GH joint is a useful tool
for predicting the capsular strains and to understand the passive contribution of the capsule
to shoulder stability under physiological loading conditions.
The glenohumeral capsule is a passive stabilizer and provides posterior and anterior stability
to the shoulder joint during motion [16]. The GH capsule stabilizes the shoulder joint during
the end range of the motion [12]. Different regions of the capsule stabilize the joint at different
joint angles and the strain in each region of the capsule is dependent on the position of the
shoulder [17]. For example, the posterior band of the inferior glenohumeral ligament has the
highest strain in flexion and internal rotation whereas the anterior band and auxiliary pouch
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of the IGHL are under the greatest strain during abduction and external rotation [5] and is
the most commonly injured region during shoulder dislocation [18].
Surgical planning to repair the injured tissue involves making an assessment as to the quan-
tity of capsular tissue that will likely need to be shifted or plicated to restore the joint
stability. While surgical repair is often advocated, around 25% of the patients experience
re-dislocations after the surgical procedures [19]. The complex nature of the capsule [Figure
3] (material complexity and capsuloligamentous structure) and the limited understanding of
the biomechanical function of the capsular regions may be contributing factors to these poor
clinical outcomes [11]. Computational models of the capsular regions can provide better
insight into the mechanical properties of the GH capsule and is an important component of
capsular reconstruction.
Figure 3: Schematic of the capsular regions of the right glenohumeral joint [19]
Surgical repair of rotator cuff tears also involves folding the capsule over on itself to reduce
redundancy followed by suturing the capsular folds together. Rotator cuff tears and the
associated surgeries are increasing in the United States, with a reported 141% increase in
the number of surgeries from 1996 to 2006 [20]. The average cost of the surgical repair is
around $ 5,900 and an estimated 272,000 rotator cuff repairs were performed in the United
States in the year 2006 [20]. Therefore, there is a need to find better repair and injury
prevention methods. The prevalence of rotator cuff tears increases with age, particular in
people older than 60 [21]. With the average age of the US population increasing [Figure
5
Figure 4: Population aged 65 and over in the United States from 1900 to 2050 [21]
4] [22], rotator cuff tears and the surgeries associated with it will increase as well. These
findings encourage research that improve the understanding of rotator cuff tears and capsular
injuries.
The GH capsule may experience different loads during the functional tasks because the
kinematics of the shoulder joint are different for ADL [14]. Several studies [5,17] have been
conducted on determining the capsular strain at isolated rotational degrees of freedom, but
to the best of our knowledge, studies have not been conducted on evaluating the capsular
strain during functional tasks.The forces on the glenohumeral capsule, and resulting strains,
during ADL are likely to be different than those imposed by only abduction or rotation.
Using computational models of the GH joint to assess the GH capsule during ADL will help
us understand its contribution to shoulder joint stability and identify regions of the capsule
that may be prone to injury. In this thesis, the capsular strains during simulations of forward
reach were evaluated.
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1.5 Introduction to Finite Element Modelling of the Glenohumeral
Capsule
In recent years, the finite-element (FE) method has been increasingly used for investigating
a range of problems in biomechanics and orthopedics [25]. The FE method is a powerful
tool to assess the internal loads in the shoulder joint. This method provides an insight into
the stress and strain distribution in bones and soft tissue, which are difficult to measure in
vivo. Computational models were used to study the clinical problems associated with GH
joint stability, rotator cuff tears, joint capsule and labral defects[26]. This method has its
own challenges: 1) to properly represent the complex structures of the shoulder joint; 2)
subject-specific representation of the material properties of the shoulder tissue. A better
FE model of the shoulder joint with capsule can help improve the diagnosis and surgical
procedures associated with GH capsule. In this thesis, we studied the material properties of
capsule under multi-axial loading.
1.6 Material Properties
In finite element shoulder modelling, the biggest challenge is how to properly represent the
complicated geometry and materials of the shoulder musculoskeletal system [32]. In most of
the FE studies of the glenohumeral joint the bones are modelled as rigid bodies when the
strains in the soft tissues are being studied. In case of, the interaction between the cartilage
and soft tissue the cartilage is modelled as an elastic isotropic material [26]. In some cases
the bones were modelled as an isotropic material, but there was no significant change in the
results compared to those of the results from rigid bone models [33].
The capsule was modelled differently by different researchers. Debski R et al. [27] modelled
the anterior band of the inferior glenohumeral ligament using fiber reinforced composite
material using the average of material properties taken from the literature. Ellis et al. [28]
and Moore et al. [5] modelled the capsule as an isotropic hypo-elastic material with an
young’s modulus of 10.1 MPa and a poisson’s ratio of 0.4 [34]. Some researchers represented
the capsule using an isotropic hyper-elastic constitutive model [33]. Also, different regions of
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the capsule are modelled using different material models. In contrast to the bone modelling,
there was no consistent method for modelling the capsule.
1.7 Review of Finite Element Models of the Glenohumeral Capsule
The existing FE models of the glenohumeral capsule are summarized in Table 1. In 2005,
Debski et al. [27] conducted the first finite element study of the capsule, wherein an FE
model of the GH joint with the anterior band of the IGHL was used for analyzing the strain
distribution in the IGHL. This study revealed the continuous nature of the capsule, but was
limited in that only the IGHL complex was modeled and there was no experimental validation
[26]. Ellis et al. [28] studied the sensitivity of capsular strain distributions to material
properties. Predicted strains were highly sensitive to the changes in the ratio of bulk to shear
modulus of the IGHL complex [26]. Three different regions of the capsule were modeled as a
continuous structure, and was in contrast with previous studies that discretized the capsular
regions. Shell elements were used to model the capsule, since hexahedral elements failed to
yield converged solutions due to element inversion at the locations of developing folds [28].
An advantage of shell elements is that they have fewer degrees of freedom than hexahedral
elements and are computationally less expensive.
A recent study suggested that it is more appropriate to model the capsule as a continuous
fibrous sheet rather than as discrete structures. For the continuous model, the average dif-
ference between predicted strains and experimental strains was less than 5% , and was in
contrast with the 20% average difference between computational and experimental strain
as predicted by the discrete model [19]. The complex interactions between different regions
of the capsule may account for these differences. Recently, Ellis et al. [5] constructed two
subject specific FE models of the IGHL to analyze the GH joint positions in clinical exam-
inations by evaluating the strain distribution. But no studies were conducted on analyzing
the strain in the capsule during activities of daily living (ADL).
8

















































































































































The capsule undergoes multiaxial loading during the activities of daily living. The material
properties obtained from uniaxial tensile tests cannot be used to represent the capsule due to
its non-homogenous nature. To circumvent this difficulty, a parameter estimation technique
was used in conjunction with the FE method to determine the material coefficients that best
represent the experimental response [35]. The experiment was simulated using the finite ele-
ment method and material coefficients were iteratively adjusted to match the experimentally
observed behavior [36]. This method is called the inverse finite element method.
Figure 5: Flow chart of Inverse finite element routine used to optimize material properties [35].
A constitutive model that best represent the material is assumed. An initial guess of the
starting values for the material parameters is made. Now, a non-linear optimization program
is used to minimize the sum of squares difference between the experimental behavior and
the predicted response from the corresponding FE model. Typically, inverse finite element
method use the sequential quadratic algorithm to optimize the parameters.
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2 Experimental Methods
2.1 Cadaveric Measurement of Capsular Strain
The strain distribution on the anterior and posterior side of the GH capsule during forward
reach was studied by Rahman et al. [37] using experimental methods. Five fresh frozen ca-
daver shoulders were used for the study. The donors have no known injury or musculoskeletal
disorder. All the soft tissue was dissected from the bones except for glenohumeral capsule.
A 5-axis (three translational, two rotational) computer numerical control (CNC) actuator
(chinaCNCzone) was used to replicate the glenohumeral joint kinematics for forward reach.
The G-code inputs to the CNC were generated by converting the three rotational kinematics
into the corresponding CNC kinematics (rotational and translational components). This
data was then applied to simulate forward reach as described in Section 2.2.
2.2 Joint Kinematics for Study
In vivo kinematics of healthy subjects were obtained from a previous study by Vidt ME et
al. [16]. The kinematics were expressed as three rotational degrees of freedom: elevation
plane, elevation, and axial rotation [Figure 6]. Elevation in the zero degree elevation plane
was defined as abduction, whereas elevation in the ninety degree elevation plane was for-
ward flexion [16]. Positive axial rotation was defined as internal rotation and negative axial
rotation as external rotation [16].
Forward reach started when the humerus was in 0◦ elevation in 90◦ elevation plane (sagittal
plane); a 2 pound dumbbell was resting on a table, the subject first reached with the weight
to a distance of 80% of forearm length and then returned the arm to the starting point to
finish the activity [16]. The kinematics were expressed as a percentage of the total cycle of
movement. Therefore, 0% and 100% represents the start and end of the activity respectively.
For forward reach, 50% corresponded to when the humerus reached a distance of 80% of the
forearm length.
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Figure 6: Three rotational kinematics (elevation plane, elevation and axial rotation )during forward
reach [16].
2.3 DIC Measurements of Strain
A random speckle pattern was created on both the anterior and posterior sides of the GH
capsule by spraying black ink (Rust-Oleum) [Figure 7]. After creating the speckle pattern,
the distal part of the humerus and the medial border of the scapula were potted into custom
fixtures using fast curing epoxy. Next, the GH joint was mounted into the CNC actuator
[Figure 8]. For each specimen the forward reach kinematics were applied.
Digital image correlation (DIC) was used to measure the strain on the GH capsule. DIC
is an optical, non-contact technique that can measure full field displacements and strains
of surface deformations. Two high speed cameras (Panasonic Lumix FZ200, frame rate =
120 Hz) were used to collect images on the anterior and posterior side of the GH capsule
and a third camera captured the applied CNC motion at the same frequency. All three
cameras were synchronized together such that the GH capsule position at different percent-
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ages of movement could be analyzed. Two dimensional (2D) DIC was performed for all the
specimens.
From all motions, the images were extracted from 0 to 100 percent movement at 10% inter-
vals, thus a total of 11 images were obtained for each kinematic trajectory. The image at
zero percent was used as a reference to calculate the strains from 10 to 100 percent. These
images were analyzed (NCORR DIC MATLAB plug-in) to obtain full field strain distribu-
tions in the GH capsule. The output strains were extracted as Green-Lagrange strains in two
components: 1) medial-lateral strain ( exx ) 2) superior-inferior strain ( eyy ). The strains
from the experiments serve as input for an inverse finite element method of determining the
material properties of the capsule.
Figure 7: Humerus- Glenohumeral capsule- Scapula construct was mounted into the CNC actuator
and magnified view of the anterior capsule with random speckle pattern [37].
13
2.4 Strain Analysis
The strain distribution in the capsule was analyzed by dividing the capsule into small re-
gions(patches) along the superior-inferior and medial-lateral directions [Figure 8]. The cap-
sule was divided into 36 small regions based on the variation of average of standard deviation
of strains in the patches as a function of number of patches. A custom MATLAB code was
written to extract the strain in the patches. These strains can be compared with the strains
in the patches obtained from the simulations.
Figure 8: GH capsule was divided into thirty-six regions, six along superior-inferior direction, six
along medial-lateral direction.
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3 Finite Element Modelling of Glenohumeral Joint
3.1 Introduction and Motivation
During their lifetime about 5.6 million people in the US will dislocate their shoulder [2] and
80% of these occur in the anterior direction at ∼ 60◦. Misdiagnosis accounts for over 38% of
the recurring injuries [30]. Poor clinical outcomes, inconsistent clinical exams and complex
glenohumeral capsule anatomy have motivated researchers to investigate the function of the
specific regions of the glenohumeral capsule by evaluating their strain distributions [17].
Figure 9: Inferior view of shoulder 1 (left shoulder) and shoulder 2 (right shoulder) at the joint
position with 25 N anterior load applied at 60◦ of glenohumeral abduction. [17]
In the previous studies the measurement of capsular strains from FE models have been
limited to only isolated degrees of freedom [Figure 9]. To the best of our knowledge no finite
element studies have been done on evaluating the strain in GH capsule during functional
tasks. A fully validated FE model can help identify the regions of capsule that are prone
to injury (high strain regions) during ADL. In this thesis, we studied the capsule under
the kinematics of forard reach. For this case, we hypothesize that the strains are higher
in the anterior and posterior band of the inferior glenohumeral ligament due to the large
displacement of the inferior capsule during forward reach, and that the strain distribution
depends on the anatomy of the subject.
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3.2 Methodology
A subject-specific finite element model was constructed based on a single cadaver gleno-
humeral joint. The computational model was developed based on the following inputs: 1)
The geometry of the joint; 2) material properties of the capsule and 3) joint kinematics
during the activities of daily living (ADL).
3.2.1 Specimen Preparation
One fresh-frozen human cadaveric shoulder (donor age 61, male, right hand dominant, right
shoulder) was stored at -20 ◦C. The donor had no known previous shoulder disease, injury
or musculoskeletal disorder affecting the upper extremities. All soft tissues were carefully
dissected from the shoulder complex, leaving only the humerus, scapula and the capsuloliga-
mentous structure. The glenohumeral capsule was moistened with phosphate-buffered saline
(PBS) solution during specimen preparation, biomechanical testing and scanning to prevent
dehydration. The specimen was thawed at room temperature for 24 hours before scanning.
3.2.2 Specimen Scanning
The glenohumeral joint was placed in a customized computer numerical control (CNC) ma-
chine (ChinaCNCzone) to acquire the outer surface geometry of the scapula, humerus and
the GH capsule. Before scanning, the specimen was brought to 20◦ elevation plane, 15◦
elevation and 0◦ axial rotation. This position is the starting point of forward reach and is
same as the initial position that was used in the experimental setup [Figure 10].
Physical markers were placed on the specimen without disturbing the specimen geometry.
The surface of the specimen was scanned multiple times using a SenseTM 3D Scanner (3D
SYSTEMS, Rock Hill, SC) to capture the total geometry of scapula, humerus and capsule.
The acquired scanned data was post-processed in Geomagic Design X (3D SYSTEMS, Rock
Hill, SC). Each scan has a different coordinate system as the specimen was scanned at
different angles. The coordinate system of the scans were transformed using common physical
markers to align all scans to a single coordinate system. The scans were then stitched
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Figure 10: Glenohumeral Joint is placed in the CNC machine at 20◦ elevation plane, 15◦ elevation
and 0◦ axial rotation.
Figure 11: Geometry of the glenohumeral joint obtained from 3D scanner.
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together. This result in an initial geometrical configuration of the joint such that the relative
position of the humerus with respect to scapula in the acquired geometry is the same as that
of the experimental setup, i.e, the starting point of forward reach. The merged surfaces on
the capsule were smoothed in Geomagic Design X [Figure 11].
The same specimen was also scanned using a Prisma 3 Tesla magnetic resonance imaging
(MRI) machine (Beckman Institute for Advanced Science and Technology) to obtain the ge-
ometry of the bones. The MRI files of the specimen were then imported into Amira version
14 for segmentation of the bone. The scapula and the humerus were segmented using a com-
bination of manual and automated methods. The grey scale was adjusted for visualization of
the bone. Which each slice two masks were developed: one for the scapula and another for
the humerus. These masks were propagated to other slices using the automated methods.
In the event that any pixels were excluded or extra pixels were included within the bone
geometry, these cavities within the masks were filled manually. Next, the bone geometries
were exported as binary STL files [Figure 12]. Similar to the geometry from the 3D scanner
the irregularities in the bone geometries from MRI were corrected in Geomagic Design X.
The geometry of the glenohumeral joint obtained from the scanner and the geometry of the
bones from MRI data were brought together in a reverse engineering software (Geomagic
Design X) for further processing. The coordinates of the MRI data were transformed in such
a way that the bones are aligned with that of the bone geometry from the scanner. This was
done by selecting similar points on each bone set and a global registration algorithm within
Geomagic was used to align the two models [Figure 13]. The geometry of the capsule was
obtained by performing Boolean operation on the geometry from the 3D scanner using the
geometry from MRI scan.
3.2.3 Coordinate System Alignment
The geometry from the MRI scans have a different coordinate system than that of the
geometry from the 3D scanner. Also, the angle between the humerus and the scapula is
different from the starting kinematics of forward reach for the geometry from MRI. Now, the
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Figure 12: Geometry of the scapula and the humerus obtained from the MRI Scans.
scan data from the MRI coordinate system was transformed to align with the 3D scanner
coordinate system as follows:
(humerusmarkers_COM) ∗ (Matrixh_COMS) = (humerusmarkers_COS) (1)
(scapulamarkers_COM) ∗ (Matrixs_COMS) = (scapulamarkers_COS) (2)
where, matrixh_COMS is the transformation matrix for transforming the MRI coordinates
of humerus to coordinates of 3D scanner and matrixs_COMS is the transformation matrix
for transforming the scapula in MRI coordinates to 3D scanner coordinates.
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Figure 13: Geometry of the glenohumeral joint with capsule obtained from 3D scanner and MRI
Scan
3.2.4 Solid Geometry Creation
The final aligned data was refined in a secondary post-processing step in Geomagic Design X
for the creation of non-uniform rational b-spline (NURB) surfaces and lastly a solid model.
The assembled solid model was exported in IGES format as three parts, i.e, scapula, humerus,
and capsule.
3.2.5 NURBS
Non-uniform rational basic spline (NURBS) is a mathematical model commonly used for
generating and representing curves and surfaces. Our objective was to compare strains
obtained from the FE simulations in the inferior glenohumeral ligament on both posterior and
anterior side of the capsule to the strains in the same regions obtained from the experiments.
To aid with this process, the NURBS on the surface of the capsule were manipulated in such
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a way as to form a patch network similar to the patches on the capsule in experiments. The
NURBS are adjusted to form a 3x3 rectangular grid on the both the anterior and posterior
side of the capsule [Figure 14].
Figure 14: Patch network obtained by manipulating the NURBS on the surface of capsule
3.2.6 Finite Element Model
Abaqus 6.14 was used to create and run the finite element (FE) models. Development of the
model began with simple boundary conditions and evolved into the more complex simulations
of joint movement. The general steps involved in creating and assembling the model were as
follows:
1) Import IGES file.
2) Assemble geometries.
3) Mesh geometries.
4) Assigning boundary conditions including contact and constraints.
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5) Apply displacements and rotations.
6) Optimize material property parameters.
The bones were assembled as rigid body shells and the capsule was imported as a homogenous
shell with a thickness of 2 mm. The capsule was defined as a deformable body whose
mechanical properties were defined by a continuum model for a non-linear, hyper-elastic,
isotropic material.The kinematic data from the experiments were used to run the model and
the strains from the model were compared to the strains from the experiments.
3.2.7 Model Assembly
The IGES bone files were imported as rigid 3D shells, and the center of the humeral head
was used as the reference node for the humerus and the center of the base of the scapula was
used a reference node for scapula. The IGES file of the capsule was imported as a deformable
3D solid. In contrast to the bones, no reference nodes were assigned to the capsule [Figure
15].
3.2.8 Mesh
The assembled geometry was meshed as individual parts. Tetrahedral dominant meshes were
used to mesh both the humerus and scapula. Mesh seeds were generated based on size, using
a mesh size of 3 mm. The humerus mesh was made up of 4205 elements. The majority of
the elements were linear quadrilateral elements with type R3D4, and 60 linear triangular
elements of type R3D3. The scapula was meshed with 7671 elements. Among these 7593
are linear quadrilateral elements of type R3D4 and 78 are triangular elements of type R3D3.
Since the bones are modelled as rigid bodies, a coarser mesh was used to mesh the bones.
The capsule is thin and undergoes large deformations and is highly non-linear. To capture
the finite strain, the capsule was meshed with quadrilateral elements of type S4R: a 4-
node, quadrilateral, stress/displacement shell element with reduced integration and a large
strain formulation. Four-node elements were used instead of 8-node elements to reduce the
22
Figure 15: Assembled finite element model of the glenohumeral joint.
computational time. A fine mesh with 45930 elements was used to mesh the capsule. A fine
mesh helped with contact convergence and to capture large deformations [Figure 16].
3.2.9 Contact
The medial and lateral insertion sites of the capsule were constrained via tied contact inter-
actions to the scapula and the humerus respectively. A surface to surface contact algorithm
was implemented. The bone was chosen as the master surface and the capsule insertion site
surface was chosen as the slave surface. A node-surface discretization method was used and
translation degrees of freedom were constrained.
The surface-to-surface discretization method was implemented for contact between the humeral
head and the capsule. Finite sliding was used, and a penalty based contact property was
given to each contact definition, using an isotropic friction co-efficient of 0.05. The bones
were used as master surfaces and the inside of the capsule was used as the slave surface.
Both Tangential and normal behaviors were allowed for the sliding contact. Normal contact
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Figure 16: Meshed finite element model of the glenohumeral joint with the capsule.
was defined using linear hard contact with a stiffness scaling factor of one. Since the bones
were modelled as rigid bodies contact between the humerus and scapula was ignored.
3.2.10 Boundary Conditions
Scapula: The scapula was fixed by applying kinematic boundary conditions (displacement
and rotation in all degrees of freedom were set to zero) at the scapula reference node. This
boundary condition was applied in the initial step and propagated forward for all remaining
steps.
Humerus: The kinematic boundary conditions of the humerus were based on the kinematic
data acquired from the literature [Figure 17] [16]. The three trajectories (elevation plane,
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elevation, axial rotation) were applied at the center of the humerus. These trajectories
replicate the kinematics of the shoulder joint during forward reach. The kinematics were
applied over 15 steps in increments of 3◦ per step for elevation plane, 1.8◦ degree per step
for elevation and 1◦ per step for axial rotation. Decreasing the rotations per step increases
the speed of convergence.
Figure 17: Three rotational kinematics (elevation plane, elevation and axial rotation) during for-
ward reach.
3.2.11 Finite Element Solver
The finite element model of the glenohumeral joint was solved using a non-linear static,
general solver. To aid with solving the contact problem, automatic stabilization with a
dissipated energy fraction of 0.0002 was used. Non-linear iterations were solved based on
Full-Newton method and convergence was based on the L2 displacement and energy norms.
A direct solver was used to solve the linear iterations. Stress components, contact stress and
logarithmic strain in the capsule were requested as output.
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3.2.12 Bone Mechanical Properties
No mechanical properties were assigned to the humerus and the scapula since they were
defined as rigid bodies. This was justified by the fact that the bones are much stiffer than
the capsule and in this the bone-capsule insertion was not being modeled. It was assumed
that the resulting stiffness at the insertion site of bone and capsule would not significantly
affect the calculated strains in the capsule.
3.2.13 Capsule Mechanical Properties
The capsule mechanical properties were based on a continuum based hyper-elastic strain
energy function used to describe a non-linear isotropic material. Since the material properties
of the capsule are unknown, it was first modelled with a simple hyper-elastic material model
proposed by Ronald Rivlin called the compressible Neo-Hookean model:
W = C1 (I1 − 3) +D1 (J − 1)2 (3)
where, W is the strain energy per unit volume, C1 is a material constant, I1 is the first
invariant of the right Cauchy-Green deformation tensor, D1 is a material constant dependent
on the bulk modulus, K , of the material, and J is the total volume ratio.
The parameter C1 is related to the distortional quality of the material, or mechanically to
the shear modulus (µ) of the material. The volumetric distortion coefficient ( D1 ), is related








An initial guess of the material constants C1 , D1 was made based on the literature [36]. For
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the Neo-Hookean material model after around 20% strain the solution started to diverge. So,
a more complex model, the Mooney-Rivlin model, proposed by Melvin Mooney and Ronald
Rivlin was used to model the capsule.
W = C1 (I1 − 3) + C2 (I2 − 3) + D1 (J − 1)2 (6)
µ = 2 (C1 + C2) (7)
Where C1, D1 are same as the coefficients used in Neo-Hookean Model and C2 is a material
coefficient related to the shear modulus.
3.2.14 Material Parameter Optimization
The material coefficients were optimized to better match the nominal strains obtained in the
experiments. To do this, a computational approach based on the inverse finite elements was
proposed [Figure 18].
First, a material model is chosen based on prior knowledge of the mechanical properties of
the target tissue, in this case, the Mooney-Rivlin model. An initial guess of the material
constants was made based on the literature. Here C1, C2, D1 are the material constants
that need to be optimized. A finite element model of the glenohumeral joint was evaluated
using the material model and kinematics as inputs. The medial-lateral ( exx ) strain on the
posterior side of the GH capsule at 68% of the cycle during forward reach motion obtained
from the experiments was compared with the strain in the same region of the capsule obtained
from simulations to determine the parameters of the chosen material law. In the experiments,
the peak medial-lateral strain occurred at 68% of the forward reach cycle. We developed
a custom python code (Python 3.4) to extract the strains in that particular region of the
capsule from the odb file generated in Abaqus 6.14.
The quality of the match of the experimental and simulated data is measured by an objective
function F (P ) , which consists of the squared difference between the simulated and exper-
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imentally determined strain data. The parameter vector ‘P’ corresponds to the coefficients
of the material law. The optimization algorithm searches for an optimal set of parameters
in order to minimize the objective function.
F (P ) =
m∑
i=1
{yi − fi (p)}2 (8)
Where yi is the experimental strain, fi (p) is the strain from the finite element simulations
and m is the number of patches. If the algorithm doesn’t converge, a search for a new set of
parameters is initiated.
Figure 18: Algorithm to obtain the optimized material coefficients based on finite element method.
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3.3 Results
The finite element model of the glenohumeral joint with the capsule was successfully cre-
ated and run using kinematic boundary conditions from the literature. Since the material
properties of the capsule were unknown, different material models were tested and the initial
material parameters of the model were chosen based on literature [Table 2].
Table 2: Initial material parameters of the models based on literature
Material Model C1 C10 D1 α1 µ1
Neo-Hookean N/A 1.5 0.07 N/A N/A
Mooney-Rivlin 2.5 1.5 0.07 N/A N/A
Ogden N/A N/A 0.07 6 0.4
Figure 19: Percentage of kinematic cycle converged as a function of the material parameters of
Neo-Hookean model. In (A) D1 was set to 0.08 and C10 was varied, in (B) D1 was set to 0.12 and
C10 was varied.
Based on these initial parameters FE simulations were performed and the material parame-
ters were updated based on the convergence of the load steps. Here steps correspond to the
percentage of the movement. This process helped in identifying the bounds of material pa-
rameters for material coefficient optimization. For the Neo-Hookean model, the simulations
were performed by keeping D1 constant and varying the parameter C10 , and vice versa.
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To study the convergence, the percentage of the kinematic cycle converged was plotted as a
function of the coefficients [Figures 19, 20]. The percentage of cycle converged corresponds
to the percent of movement reached during the kinematics of forward reach.
Figure 20: Percentage of kinematic cycle converged as a function of the material parameters of
Neo-Hookean model. In (A) C10 was set to 8 and D1 was varied, in (B) C10 was set to 10 and D1
was varied.
Figure 21: Percentage of kinematic cycle converged as a function of the material parameters of
Mooney-Rivlin model. In (A) C1 was set to 6, D1 was set to 0.12 and C10 was varied, in (B) ) C1
was set to 0.5, D1 was set to 0.12 and C10 was varied.
The simulations converged for higher rotations (corresponds to % movement) with the in-
crease in D1 and C10 . When the material coefficients are increased beyond a certain point
the solution diverged for the same boundary conditions. The convergence peaked at around
C10 = 8 and D1 = 0.12. Based on these material coefficients a more complex model, the
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Mooney-Rivlin model, was used to run the simulations. A similar study was done by varying
the coefficients C10, C1 of the Mooney-Rivlin model [Figures 21, 22].
Figure 22: Percentage of kinematic cycle converged as a function of the material parameters of
Mooney-Rivlin model. In (A) C10 was set to 2, D1 was set to 0.12 and C1 was varied, in (B) ) C10
was set to 6.5, D1 was set to 0.12 and C10 was varied..
Similar to Neo-Hookean model, the convergence increased with the increase in material
coefficients and peaked at around C1 = 6 , C10 = 6.5 and D1 = 0.12 . For this Mooney-Rivlin
material coefficients the percentage of cycle converged was around 50% and this corresponds
to around 90% of the highest degree of rotation.
Table 3: Final material parameters of the models based on convergence study
Material Model C1 C10 D1 α1 µ1
Neo-Hookean N/A 10 0.12 N/A N/A
Mooney-Rivlin 7 6.5 0.12 N/A N/A
Ogden N/A N/A 0.12 6.5 0.4
The percentage of cycle converged increased with increase in the value of D1 . For D1 = 0.12,
the convergence was significantly higher than for D1 = 0.06 . The material coefficients with
higher percentage of cycle converged are presented in table-3.
Based on the above material coefficients for Mooney-Rivlin model the Green-Lagrange strain
was calculated in the capsule. The strain gradient plots show a higher strain on the inferior
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Figure 23: Percentage of kinematic cycle converged as a function of the material parameters of
Mooney-Rivlin model. Here a comparison is made between different values of D1 . C01 is kept
constant.
side of the glenohumeral capsule [Figures 24, 25]. The strains on the inferior side of the
capsule are higher than the superior side in both the posterior and anterior side of the
capsule. The average max principal strain is around 38% on the inferior side of the capsule
and ranged from 2 to 20% on the superior side of the capsule. Some regions on the superior
side of the capsule were under compression at 50% of the cycle.
3.4 Discussion
The aim of the study was to develop a finite element model of the glenohumeral joint to study
the strain in the capsule and identify the regions of capsule that are prone to injury (high
strain regions) during activities of daily living, in particular, forward reach. The complex
kinematic boundary conditions, higher degrees(angles) of rotation, and large contact between
the humeral head and the capsule made the convergence of iterations more difficult. To
help with the optimization process, a material model was suggested and bounds have been
established for the material coefficients. There was a significant increase in convergence when
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Figure 24: Strain on the posterior side of the glenohumeral capsule at 50% of the movement.
the capsule was modelled using the Mooney-Rivlin material model instead of Neo-Hookean
model [Figure 19, 21].
Based on the convergence study for the Neo-Hookean model, the bounds for the volumetric
distortion coefficient ( D1 ) are between 0.08 and 0.12. In this range, the solution converged
for more of the desired simulation. In Mooney-Rivlin model, for the same value of C1 ,
C10 , the percentage of cycle converged more for D1 = 0.12 than for D1 = 0.06 [figure 23].
A smaller bulk modulus [Equation 5] for the capsule helps with convergence. The relation
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Figure 25: Strain on the anterior side of the glenohumeral capsule at 50% of the movement.
between C10 , C1 and the convergence is more complex due to the way they are related to
the shear modulus of the material [equation 5]. However, the convergence increased with
increase in both C10 and C1 . The convergence peaked when the sum of C10 and C1 is around
13. So, the values of C10 and C1 should be chosen such that their sum is equal to 13± 1 and
C10 > 3 and C1 > 2 . The convergence was significantly improved between these bounds for
the Mooney-Rivlin model.
The primary results from the finite element simulations shows that the strains are higher on
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the inferior side of the capsule. This was in accordance with the results reported by B.J.
Ellis et al. [5]. This could be because the inferior side of the capsule undergo large stretches
compared to other regions of capsule during forward reach. The strains were calculated with
respect to the starting position at 0% of the cycle. But the 0% of the cycle for forward reach
corresponds to an arm position of 22◦ elevation plane and 16◦ elevation indicating that the
arm was slightly abducted at 0% cycle. The pre-strain due to this abduction was neglected,
which could alter the strains in the capsule.
We used quadrilateral shell elements to represent the capsule. This helped in solving the
difficulties that could arise when the capsule was modelled using hexahedral elements, which
are generally used to represent ligaments in biomechanical simulations. Furthermore, shell
elements are computationally less expensive. This is because, shell elements have fewer
degrees of freedom and require only a single element to describe the variation of strain along
the thickness of the capsule [28]. A finer mesh was used near the insertion sites to capture
the large deformations.
This study have several limitations. The sample size was one. Previous studies have shown
that there are variations in the strain patterns among specimens [19]. The cartilage on the
humeral head was not modelled as a deformable body and was included in the bone as a rigid
body to reduce the computational time. An isotropic material model was used to model the
glenohumeral capsule, but studies have suggested mild anisotropy in the capsule [5].
In the future, more specimens can be included to understand the variation of strain with
the change in anatomy of the joint. A 3D scanner with higher resolution could be used to
capture the miniature folds and insertion sites of the capsule on the bone. The current finite
element model can be validated with the experimental data and then it can be extended to
different activities of daily living.
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4 Limitations and Future Work
The finite element simulations performed in this study suggest several directions for future
work. For this study, one potential draw back or limitation was the resolution of the 3D
scanner used to obtain the geometry of the capsule. A scanner with high resolution can
decrease the noise in the scans. Due to the CNC fixture and the complexity of the geometry,
point clouds on the inferior side of the capsule could not be captured properly. The geometry
was constructed by reverse engineering the missing point clouds in Geomagic. Also, fine folds
in the capsule could not be captured, this in a way could have affected the contact strains
in the capsule. The MRI scans were noisy due to the lack of water in the bones and likely
induced errors in bone segmentation in AMRIA, which in turn affected the geometry of the
bones. Since the geometry of the glenohumeral joint is obtained by combining the data from
3D scanner and the MRI scans, transformation between the coordinate systems was tedious,
time consuming, and may have induced human error due to the manual component involved
in the process. Slight imperfections in the geometry may affect the strains in the capsule. A
better scanning methodology can improve the results of the finite element model.
Due to the complex nature of the capsule, the insertion site of the capsule on the bones is
difficult to identify in the scans. This can avoided by placing beads along the insertion site
and then scanning the specimen, but this process can induce noise in the scans. Cartilage
on the head of the humerus was not segmented and was modelled along with bone as a rigid
body instead of deformable body. This processes have removed the complexity of deformable
body contact between the capsule and the cartilage and reduced the computational time
significantly. However, this might have increased the strains on the humeral side of the
capsule. The contact between the capsule and scapula was ignored due to the small contact
area between them. Furthermore, the FE model in this study does not include the labrum.
The lack of labrum will increase strains at the glenoid insertion.
The capsule was modelled using an isotropic material, but studies have suggested that the
capsule is mildly anisotropic. So modelling the capsule using an anisotropic Mooney-Rivlin
model can help better match the experimental data. This method presents some challenges:
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1) the direction of the fibers in the capsule is unknown. 2) More material coefficients have
to be optimized. The direction of the fibers in the capsule can be identified by scanning the
specimen in MRI with diffusion tensor imaging(DTI). This gives the orientation of fibers
and the anisotropy of the glenohumeral capsule.
The current FE model can be used to optimize the material coefficients. In the future, the
current model can be validated with the experimental data and then can be extended to
other activities of daily living without the need for experiments. The computational model
currently have a sample size of one, a population of validated FE models can help study the
strain variation with change in anatomy of the specimen.
4.1 Conclusion
MRI data and point clouds from a 3D scanner of a cadaveric shoulder joint were obtained
and used to create a three dimensional model of the glenohumeral joint that included the
scapula, humerus, and capsule. This study used a continuum based isotropic non-linear
material model to predict the strains in the capsule. We established the bounds for mate-
rial coefficients of the Mooney-Rivlin model that act as limits for the material parameter
optimization. We studied the strains in the capsule using FE models for activities of daily
living, which has not been done before. In the future, a validated finite element model can
be extended to different activities without the need for experiments.
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